I. INTRODUCTION
Dynamic material response under high (10 2 -10 5 s −1 ) and ultrahigh (10 5 -10 10 s −1 ) strain-rate loading is heavily dependent on loading rate and path, and microstructure. [1] [2] [3] [4] [5] [6] Characterizing structure-property relations, revealing novel phenomena and underlying mechanisms, and developing physics-based, predictive models all require in situ, real time, temporally and spatially resolved measurements.
X-ray diffraction is desirable for characterizing microstructure such as grain orientation, unit cell shape, and deformation. 7, 8 For example, x-ray diffraction was used to reveal microstructure and deformation mechanisms, 9 but these experiments are under quasistatic conditions. In previous dynamic experiments at synchrotrons including the Advanced Photon Source (APS), ultrafast and high-speed x-ray diffraction, and imaging measurements on bulk samples under Hopkinson bar and gas gun loading were demonstrated. [10] [11] [12] [13] [14] However, diffraction and imaging measurements were not done simultaneously.
While one has witnessed significant progresses in dynamic diffraction with synchrotron x-rays, 10, 13, 14 including ultrafast (single pulse, ∼100 ps) x-ray diffraction, obtaining shock "movies" of two-dimensional (2D) diffraction patterns is still a challenge. A key reason is that the scattered x-rays contributing to diffraction signals are much weaker than the transmitted x-rays forming images. Detectors, in particular, high quantum efficiency high speed cameras, are a bottleneck in scattering measurements, and improving detection is inevitable for obtaining "diffraction movies." a) sluo@pims.ac.cn
As an optical technique, digital image correlation (DIC) plays an important role in estimating full-field deformation. [15] [16] [17] We recently developed an x-ray digital image correlation (XDIC) technique, which can be used for high-speed strain field mapping under dynamic loading. 18 The lattice deformation information important for understanding deformation mechanisms cannot be revealed by XDIC, though. Thus, it is also highly desirable to combine dynamic XDIC and transient x-ray diffraction (TXD) for simultaneous, multiscale measurements.
In this work, we implement a scheme to improve multiframe TXD measurements by combining an external microchannel plate (MCP) and a low-cost CMOS high-speed camera, along with simultaneous imaging measurements. We demonstrate this methodology with high strain-rate Hopkinson bar loading of an Mg alloy. These measurements reveal dynamic deformation mechanisms at micro-and mesoscales, including strain concentration, shear damage, and anisotropic deformation at lattice and grain levels. Section II addresses the experimental details and data analysis, and Sec. III presents results and discussion, followed by conclusions in Sec. IV.
II. METHODOLOGY
The experimental setup is shown in Fig. 1 for simultaneous, multiframe, TXD, and imaging measurements under high strain-rate loading. Additional information on the gas gun and Hopkinson bar systems, dynamic experiment procedure, detection, system integration, and synchronization was presented in Refs. 10 and 11. A loading device ("1" in Fig. 1 ), either a gas gun or split Hopkinson pressure/tension bar, dynamically loads a sample ("2") under consideration at high or ultrahigh strain rates, ranging from 10 2 s −1 to 10 7 s −1 . In current experiments, we use a Hopkinson tension bar loading system without the transmission bar, due to space limitations in the experimental hutch of the APS beamline 32ID-B. (A complete Hopkinson bar system with a smaller bar diameter will be installed at 32ID-B for future experiments.) Instead, a force transducer ("3"), i.e., a Kistler low impedance fast response quartz load cell, is used to record the force history; the strain gage located on the incident bar supplies the trigger to high-speed cameras and oscilloscopes (Fig. 2) . The incident bar and striker, 12.7 mm in diameter, are made of high-strength steel.
The probe x-rays are from an APS "undulator A" light source, 10 and the energy spectra for different undulator gaps are shown in Fig. 3 . In addition, we place a 1-mm thick (100) Si single crystal in the upstream path of the sample to filter x-rays, in order to reduce the heat load on the sample and other objects downstream. The spectra with filtration by the Si crystal and the sample itself are used for indexing diffraction peaks. We use this "white beam" for diffraction and imaging, i.e., the lowest harmonics (e.g., 1st-4th) presumably all contribute to diffraction and image signals. The x-ray spot on the sample is about 1 mm × 1 mm.
The incident x-rays transmitted through the sample are incident on the imaging scintillator Lu 3 Al 5 O 12 :Ce or LuAG:Ce ("7" in Fig. 1 ), and the scattered x-rays, on the diffraction scintillator Lu 2−2x Y 2x SiO 5 :Ce or LYSO:Ce ("4"). The LuAG scintillator is 100 μm thick, while the LYSO scintillator is 300 μm thick. Lenses are placed after the diffraction scintillator to increase the effective q-range (q: momentum transfer). Remapping of a diffraction "image" back to the scintillator is considered in data analysis. An MCP ("5", Quantum Leap E, Stanford Computer Optics, Inc.) is placed behind the lenses to intensify the optical signals converted from the scattered x-rays. The MCP unit is synchronized with the camera for diffraction during experiment. The record- ing camera for imaging is Photron Fastcam SA1.1 ("8") and that for diffraction is Photron Fastcam SA4 ("6"). Both of them use 12-bit CMOS sensors. The full frame capabilities of this imaging system have 1024 × 1024 pixels, and the pixel size is 20 μm. Their global electronic shutters can operate at 1 μs, independent of frame rate, while the number of activated pixels or the effective field of view decreases with increasing frame rates. In this work, the exposure time in TXD is 2-3 μs, and the frame interval is 26.7-62.5 μs. The exposure time for imaging is 1 μs, and the frame intervals are 22.2 μs. In Fig. 1, O and O denote the incident points on the sample and on the imaging scintillator, respectively. OA is the normal of the diffraction scintillator, and O A is on the plane of this scintillator. For a given setup, the positions of O, O , and A ("anchor points") establish the coordinate system, and need to be determined accurately for indexing diffraction spots. The positions of the anchor points are first measured with rulers. To obtain their exact coordinates and also to calibrate the scattering angle θ for diffraction analysis, we place an Al foil in the sample position and record the diffraction patterns. The camera runs at a low speed mode so the effective field of view or q-range is larger than at a high-speed mode during dynamic loading. We choose Al for its high symmetry with relatively simple diffraction patterns. The polycrystalline Al foil yields multiple highly diffuse diffraction rings (Fig. 4) .
For a diffraction spot B on the diffraction scintillator, the scattering angle θ satisfies 2θ = O OB. For given (hkl) planes, the interplanar or d-spacing is
where λ is the wavelength of x-rays. The strain associated with such planes is thus
Here subscript 0 denotes a reference configuration.
To index the diffraction rings, we fine-tune the positions of the anchor points during simulation until the simulated diffraction rings best fit the data. For the case shown in Fig. 4 , the diffraction rings are from the 3rd and 4th harmonics, with a faint (111) ring from the 2nd harmonic. The diffraction rings are integrated azimuthally into 1D diffraction pattern (intensity vs. 2θ ) for camera calibration. If the camera is moved further away from O (larger 2θ ), the diffraction rings can be recorded from the 1st harmonic. This, along with the undulator gap adjusting, gives one freedom to choose certain harmonics for diffraction. With the anchor points determined and the camera calibrated, we proceed to perform dynamic experiments with simultaneous diffraction and imaging.
Given an image sequence, the displacement field maps at different time, u(x, y), can be obtained via XDIC analysis, 18 from which strain field maps are calculated. Let x be the position vector and u be the displacement vector in the material coordinate system. The Green-Lagrangian strain tensor is defined as
Then, the von Mises equivalent strain tensor follows as
where the deviatoric strain tensor is
Here I is the unit tensor. The strain field map at t i is obtained via image correlation of the image at t i with that at t i−1 .
III. RESULTS AND DISCUSSION
To demonstrate the feasibility of multiframe TXD with simultaneous imaging, we perform Hopkinson tension bar loading on Mg alloy AZ31. The matrix of AZ31 is composed of hexagonal close-packed Mg, and the second phase is β-phase (body-centered cubic) Al 12 Mg 17 . The second phase has a particle size of 10-50 μm, and is dispersed in the Mg matrix, giving rise to the speckle pattern in the x-ray images. The sample gage length is 2 mm, the lateral dimension is 1.5 mm, and the thickness along the x-ray beam is 0.5 mm. Two samples are tested under dynamic tension; the strain gage signals on the incident bar and force histories are presented in Figs. 2 and 5, and imaging and diffraction results, in Figs. 6-9.
The strain gage signals of the incident and reflected pulses are of similar amplitudes, largely owing to the impedance mismatch between the sample and the incident bar. Only the incident pulse signals are shown in Figs. 2 and 5. The force histories show approximately two segments t 1 -t 4 and t 6 -t 8 on the rise in Fig. 2(b) for sample #AZ31-17, and t 0 -t 3 and t 3 -t 5 on the rise in Fig. 5 for sample #AZ31-10. However, the elastic-plastic transitions are not definitive. The rapid drop right after the peak stress (force) is due to tensile failure. Measurements exhibiting similar deformation and failure features were obtained previously. [19] [20] [21] [22] The strain maps E eq (x, y) for sample #AZ31-17 exhibit four stages of deformation (Fig. 6 ): elastic deformation (t 1 -t 2 ), "inhomogeneous" plastic deformation (t 3 -t 5 ), homogenization of plastic deformation (t 6 -t 8 ), and shear failure (t 9 -t 10 ). The deformation during t 3 -t 5 show two distinct regions (left and right) with different degrees of deformation, likely due to two different grains. The deformation becomes homogenized during t 6 -t 8 as deformation proceeds. These maps are consistent with, although not exact the same as, the force histories, since the latter lack sufficient "resolution" to distinguish minor elastic deformation, inhomogeneous plastic deformation and its homogenization on the rise. During failure, the shear failure (t 9 -t 10 ) as identified from the strain fields coincides with the force histories. Thus, distinguishing deformation modes simply from the shape of a stress-strain or loading curve might be crude in some cases.
The 2D diffraction patterns (Fig. 7) are measured on sample #AZ31-17 simultaneously with imaging (Fig. 6 ), but at a slower framing rate in order to achieve a larger qrange. These two measurements are consistent. Figure 7(a)   FIG. 6 . Sequence of von Mises equivalent strain E eq (x, y) maps obtained from XDIC analysis of image sequence t 0 -t 10 (also refer to Fig. 2) . The frame interval is 22.2 μs.
FIG. 7. Snapshots of 2D diffraction patterns of sample #AZ31-17 under
Hopkinson tension bar loading. The frame interval is 62.5 μs. The subscripts denote the harmonic numbers in Fig. 3(a) . Also refer to Fig. 2 shows the diffraction pattern before the loading pulse arrives (187.5 μs, between t 0 and t 1 in Figs. 2 and 6 ). The main diffraction spots are indexed as (100), (002), (110), and (103) from the 2nd and 3rd harmonics. The upper and lower (100) spots are from two different grains. During dynamic tension (250 μs, between t 3 and t 4 ), both the upper and lower (100) spots move left toward smaller 2θ . For the lower (100) spot, d 100 increases by 0.154 Å or 5.6%, and the full-width at half maximum (FWHM), by ∼3% (Fig. 8) . The upper (100) spot shows much more pronounced broadening along both the 2θ and azimuthal directions, as well as increase in the dspacing, than the lower (100) spot. This is highly likely caused by different deformation in different grains, as indicated by the strain map snapshots t 3 and t 4 (Fig. 6) . At a time frame (312.5 μs, t 6 ), both (100) spots move out of the field of view likely due to accumulated lattice extension. The diffraction patterns are consistent with the strain maps and the loading history.
The diffraction patterns for sample #AZ31-17 ( Fig. 7 ) reveal features that can be attributed to lattice expansion, plasticity, grain, or lattice rotation (changes in the azimuthal angle), and likely grain refinement, and show considerable anisotropy in deformation. One example is the changes in the   FIG. 8 . Shift and broadening of the (100) diffraction spot (the lower one in Fig. 7) due to dynamic tension. two (100) spots related to two grains with different orientations as discussed above. The (110) and (002) spots undergo a small clockwise rotation and then become highly diffuse. The (103) spot rotates clockwise by about 3.3
• and broadened appreciably azimuthally (Fig. 7(b) ). The interplanar spacing experiences little expansion, i.e., d 103 ∼ 0 even under a large accumulated strain at 312.5 μs (t 6 in Fig. 6 ).
For sample #AZ31-10, the diffraction patterns ( Fig. 9 ) are also consistent with the loading curve (Fig. 5 ), similar to sample #AZ31-17. Plastic deformation occurs at t 2 -t 3 as indicated by the smearing of (100) and (112) spots. Interestingly, the (101) 3rd and (102) 4th spots become sharper and intenser, and a possible reason is stress-induced defect annihilation. The plastic regime on the loading curve (t 3 -t 5 ) is with pronounced lattice deformation, including splitting of (101) 3rd and (102) 4th spots at t 3 (indicated by two arrows, Fig. 9) , and subsequent smearing, as well as lattice rotation. The splitting is likely caused by twinning or formation of a new grain. The entrance of (102) 3rd and (103) 4th from the top into the field of view is induced by grain rotation.
Dynamic multiframe diffraction measurements can be extended into the reflection mode for x-ray opaque samples, although simultaneous imaging is not doable in such cases. The external MCP does improve the signal-to-noise ratio recorded by the low-cost high-speed camera for diffraction, but the camera frame rate and effective field of view are still unsatisfactory. The x-ray spot size/sampling volume need to be considered as regards microstructure for diffraction measurement and interpretation. Optimizing the undulator x-ray source spectra, such as reducing the bandwidth of high harmonics, is useful for improving q-resolution.
IV. CONCLUSIONS
We present an experimental demonstration of multiframe transient x-ray diffraction along with simultaneous imaging (dynamic strain field mapping) under high strain-rate loading. High strain-rate Hopkinson bar loading on a Mg alloy is used for the feasibility study. TXD is done in the transmission mode, while it can be extended into the reflection mode; the exposure time is 2-3 μs, and the frame interval is 26.7-62.5 μs, as limited by current high-speed cameras. The diffraction patterns reveal dynamic deformation mechanisms including lattice expansion or compression, crystal plasticity, grain or lattice rotation, and likely grain refinement, as well as considerable anisotropy in deformation. Dynamic strain-field mapping and loading histories are consistent with the diffraction measurements, demonstrating the potential of the current technique in the micro-and mesoscale studies.
